their slow decomposition kinetics under general soil condiThe adsorption behavior of ferrocyanide and ferricyanide to-tions (12). When these complexes are exposed to light, free ward aluminum oxide with a 0.01 M NaClO 4 background electro-cyanide is released from the molecules by light irradiation lyte at 25ЊC was investigated. Results obtained from different pH (13) . Therefore, in this study, two complex ions, ferrocyavalues demonstrated that the adsorption of these complex ions nide and ferricyanide, have been investigated with respect correlate the adsorption data with the triple-layer model conferricyanide.
INTRODUCTION
istics of ferrocyanide and ferricyanide onto g-Al 2 O 3 while taking proton competition into account. Based on theoretical Adsorption phenomena involving inorganic ions and orassumptions, the apparent adsorption constant in the Langganic acids on hydrous oxides of aluminum, iron, mangamuir model and the intrinsic surface complex constant in nese, and silica have been studied for the past three decades.
the TLM approach are differentiated by an electrostatic More specifically, related topics including the effects of pH charge factor [exp(CF/RT )]. Kanungo (19) has suggested (1, 2), structural identity (3, 4) , ionic strength (5-7), temthat the intrinsic constants are correctly estimated, if by comperature effect (8, 9) , and the nature of the adsorbent (10, paring constants from the Langmuir isotherm and TLM, it 11) on the free ion adsorption have been extensively investican be determined whether inner-sphere or outer-sphere gated. However, complex ion adsorption has received only complexation occurs during the interaction between the ions limited attention. and the oxide surface. The intrinsic constant seems to be Cyanide released from the industrial sector forms comhigher than the apparent adsorption constant by an electroplexes with metal ions, e.g., iron, zinc, and nickel. Comstatic term of the potential if the overall adsorption reaction plexations readily occur since cyanide ions acting as strong is mostly contributed by the inner-sphere complexation. Acligands bind with metal ions to form metal-cyano comtually, the competition of anions and cations with oxides for plexes, thereby altering their original stability and toxicity.
H / or OH 0 ions allows the apparent adsorption constant in Although some metal-cyanide complexes, i.e., ferrocyanide the Langmuir model to alter with the pH value. Therefore, [Fe(CN) 40 6 ] and ferricyanide [Fe(CN) 30 6 ], are less toxic the apparent adsorption constant in the Langmuir model is than cyanide, they are not thermodynamically stable due to only available for comparison with the intrinsic constant in the surface complex model under low adsorption coverage 1 To whom correspondence should be addressed.
and acidic conditions (20, 21). 
Ferricyanide fails to bind with H
/ , even at pH 1; however, tered supernatant was analyzed via polarography (Metrohm Model 693) using the method of differential pulse voltamferrocyanide can bind with H / , with two acidic constants, pK a 1 Å 2.2 and pK a 2 Å 4.1 (22). Hence, this study describes metry. The half-wave potential for cyanide was 00.24 V in the 0.1 M KOH solution. It was found that CN 0 was absent the differences in adsorption behavior of g-Al 2 O 3 for those complexes which possess equivalent stereostructure but non-in the solution. Next, the effects of surface loading on adsorption were investigated by varying the initial iron-cyaequivalent proton-binding capacity. (26) found that the optimum correlations for the acid-base titration data of Schulthess
and Sparks (27) were C 1 Å 1.4 mF/m 2 and C 2 Å 0.2 mF/ m 2 . Table 1 gives the rule sheet for the triple-layer model. and
RESULTS AND DISCUSSION
Modified Langmuir Isotherm in which C Max represents the maximum value of C SF . Combining Eqs. [3] and [4] yields The simple Langmuir form is expected to hold for a clean, smooth, nonporous surface, showing reversible, physical adsorption of a pure solute. The aluminum oxide surface is
[5] an adsorbent capable of adapting to the conditions that the Langmuir theory expects. Ferrocyanide and ferricyanide posBy using a double-reciprocal plot (Langmuir plot), i.e., sess high valence numbers. That is, a situation in which C F /C SF vs C F , Eq. [5] can be rearranged as adsorption occurs uniformly over the aluminum oxide surface causes the colloid surface to be more negatively charged, and subsequently interferes with anion adsorption
[6] on the surface. Moreover, stable iron-cyanide complexes maintain their dissolved condition regardless of an increase in concentration. Therefore, the adsorption of an iron-cyaIn this plot, C Max and K app can be obtained from the intercept and slope of the plot for fixed pH. Figures 1a and 1b nide complex on the surface can form only a monolayer that of ferricyanide at the same pH as listed in Table 2 . can be assumed to be close to K int . As a result, an average can be converted into K app . Therefore, in this study, the average equilibrium constants calculated from the result of of K app in Table 2 provides a substitutive parameter for K int in the TLM simulation with HYDRAQL. Figures 2a and 2b display the TLM results simulated by using two types of surface complexation as suggested in model. Owing to the failure of proton binding, ferricyanide adsorption at the interface requires Eqs. [7] and [9] to repre-Eqs. [7] and [9] . The solid lines shown in Fig. 2a were obtained by applying HYDRAQL under the assumption of sent only outer-sphere and inner-sphere complexation. According to the pK a 2 of ferrocyanide (Å4.1), a more acidic the outer-sphere complexation (Eq. [7] ). a sufficient correlation of simulation results with the experi-mined by ln K int 0 ln K app . The C 0 0 3C b value is 0.0768 V, which is in the range of results listed in Table 3 . mental data. In contrast, under the assumption of innersphere complexation as in Eq. [9] , the simulation results of As indicated in the previous section by both the fitting the adsorption percentage are higher than the experimental results indicated and the discussion regarding electrostatic results (Fig. 2b) . According to the formulus of K int in Eq. charge factor, outer-sphere complexation is clearly the only [9] , a smaller assumption for K int may obtain a better corre-adsorption behavior for either ferricyanide or ferrocyanide sponding result. However, attaining a K int lower than K app on the oxide. The experimental values of the apparent equiis impossible, since, under the assumption of inner-sphere librium constant (K app ) at various pH values can be facultacomplexation of ferricyanide, a negative potential occurs on tive in distinguishing between inner-and outer-sphere comthe o-plane, which indicates a positive electrostatic charge plexes. Table 2 indicates that K app increases with pH. Howfactor. The positive factor represents a K int larger than K app , ever, the value of K int is independent of pH from a theoretical thereby implying an impossible occurrence of inner-sphere perspective. Therefore, the values of (ln K int 0 ln K app ) complexation. Therefore, the mechanism of ferricyanide ad-decrease as pH increases, thereby implying that the value of sorption on the g-aluminum oxide surface is obviously con-(C 0 0 3C b ) decreases as pH increases. This occurrence can tributed by the outer-sphere complexation.
TLM Modeling
be verified with respect to the results as indicated in Table  3 . That is, under data simulated by HYDRAQL, the surface Figures 3a and 3b illustrate the pH-edge results of ferrocyanide adsorption. The data were also correlated by applying potential decreases as pH increases for three concentrations of iron-cyanide. HYDRAQL under the assumption of outer-sphere complexation (Eq. [8] ) and inner-sphere complexation (Eq. [10] ). Table 2 also reveals only a slight pH effect on the K app Figure 3a confirms a sufficient correlation between simulated for the ferricyanide adsorption. However, the Langmuir and experimental results. As with ferricyanide, an average model fails to account for the change in the extent of adsorpapparent constant of ferrocyanide (K app Å 6.31 1 10 19 , see tion which occurs when the aqueous phase composition is Table 2 ), used as a substitute for the intrinsic constant ( K int ) altered in pH. However, the extent of ion adsorption is markin HYDRAQL with the assumption of outer-sphere com-edly affected by pH. This effect is attributed to the fact that plexation as described in Eq. [8] , can accurately describe both the surface acidity and the hydrolysis of the ions are experimental data. From the above considerations, we can pH-dependent. Therefore, changing the pH values may also conclude that the adsorption of the ferrocyanide ion on the alter the number of positive charge sites of metal oxide and g-Al 2 O 3 surface is an outer-sphere reaction. Figures 4a and complex ions. A comparison of TLM and the Langmuir 4b summarize the simulation results on model prediction by model reveals that the major advantage of the TLM is its increasing the intrinsic constant from 6.31 1 10 19 to 1.26 consideration of the proton effect for adsorbent, adsorbate, 1 10 21 . These figures suggest that the TLM provides a rea-and surface charge effect. Therefore, the apparent equilibrium constant calculated with the Langmuir model simulasonably good prediction of K int at 1.26 1 10 21 . The results also demonstrate that the value of C 0 0 3C b can be deter-tion is theoretically quite different from the intrinsic constant determined by TLM simulation. However, in this study, a [1] includes the proton in the overall reaction. (b) When the acidic conjugation constant is considered, ferricyanide is still close correction between apparent equilibrium constants (Table 2 ) and the intrinsic constant for either ferrocyanide stable with H / ions even at pH lower than 1. Therefore, the m value in Eq. [1] or [2] is independent of pH and can be or ferricyanide adsorption on the aluminum oxide surface is obtained. This result may be accounted for by the following defined as 1. It is a particular phenomenon not having occurred on an anion. Conversely, ferrocyanide with a pK a 2 of reasons: (a) The modified Langmuir equation used in Eq.
4.2 has a high likelihood of causing competition of protons at the interface with the oxide. Hence, the pH effect on the crease with pH, thereby implying that the values of the elec-
